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1
METHOD OF MANUFACTURING
GRAPHENE LAMINATED STRUCTURE,
GRAPHENE LAMINATED STRUCTURE, AND
ELECTRONIC DEVICE INCLUDING THE
GRAPHENE LAMINATED STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Korean Patent Appli-
cation No. 10-2013-0019373, filed on 22 Feb. 2013, in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein in its entirety by reference.

BACKGROUND

1. Field

Example embodiments relate to methods of manufacturing
a graphene laminated structure, graphene laminated struc-
tures, and electronic devices including the graphene lami-
nated structures, and in particular, to structures that use a
hexagonal boron nitride (h-BN) sheet as a buffer layer or
sacrificial layer to form a dielectric, e.g., high-k, insulating
layer on graphene and methods of manufacturing the struc-
ture.

2. Description of the Related Art

Graphene is a material formed of a carbon single atom
layer having a two-dimensional planar structure. Because
graphene has desirable mechanical electrical characteristics,
graphene is attractive as a high-performance electronic mate-
rial.

For graphene to be used in an electronic device, e.g., LED,
a top gate transistor is needed. To manufacture a top gate
transistor that uses graphene as a channel, a high-quality
insulating material is needed between graphene and a top
gate. A dielectric material with a high-k constant (e.g., Al,O;
or HfO,) may be used. However, when these materials are
directly deposited on graphene, due to the sp* structure of
graphene, the deposition may not be desirable and also,
graphene may be adversely affected.

Accordingly, methods of depositing a high-k material on
graphene without damage on the surface of graphene are
being studied.

SUMMARY

Example embodiments provide methods of manufacturing
a graphene laminated structure which enable formation of a
high-k insulating layer without any damage on the surface of
graphene.

Example embodiments also provide graphene laminated
structures manufactured by using the methods. Example
embodiments also provide electronic devices including the
graphene laminated structures. Example embodiments also
provide transistors including the graphene laminated struc-
tures.

According to example embodiments, a method of manu-
facturing a graphene laminated structure includes plasma-
treating a surface of a hexagonal boron nitride sheet using
fluorine-based gas plasma, depositing the hexagonal boron
nitride sheet on a graphene sheet, and forming an insulating
layer on a surface of the surface-treated hexagonal boron
nitride sheet.

In example embodiments, the fluorine-based gas plasma
may be a gas plasma that does not damage the surface of the
hexagonal boron nitride sheet, and may be, for example, at
least one gas selected from CF,, CHF;, SF,, and NF;.
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In example embodiments, the plasma-treating may be per-
formed at a flow rate of about 1 to about 10 sccm and at a
plasma surface treatment pressure of about 300 to about 700
mTorr for about 1 to about 10 seconds.

In example embodiments, the hexagonal boron nitride
sheet may have a two-dimensional planar structure including
a B—N bond that is a sp® covalent bond and an interlayer
bond that is a Van Der Waals bond, and the hexagonal boron
nitride sheet may have a thickness of 10 nm or less.

In example embodiments, an area of the hexagonal boron
nitride sheet to be plasma-treated may be about 1 cm” or
more.

In example embodiments, the method may further include
providing the hexagonal boron nitride sheet on a metal cata-
lyst thin film before the plasma-treating.

In example embodiments, the method may further include
removing the metal catalyst thin film from the hexagonal
boron nitride sheet by etching after the plasma-treating.

In example embodiments, the graphene sheet may be one
of a single layer of a polycyclic aromatic sheet including a
plurality of carbon atoms connected to each other via a cova-
lent bond and arranged on a plane and a multi-layer formed by
stacking a plurality of the polycyclic aromatic sheets, and the
graphene sheet may have a thickness of about 30 nm or less.

In example embodiments, an area of the graphene sheet
may be about 1 cm® or more.

In example embodiments, the graphene sheet may be pro-
vided on at least one substrate before the depositing, and the
substrate may include at least one of a Si substrate, a SiC
substrate, a glass substrate, a GaN substrate, a silica substrate,
a sapphire substrate, a metal substrate, and a carbon substrate.

In example embodiments, the insulating layer may include
ahigh-k dielectric material having a dielectric constant of 7 or
more.

In example embodiments, the insulating layer may include
atleast one of'a metal oxide, a metal nitride, a polymer, and an
organic molecule.

In example embodiments, the insulating layer may include
at least one of a silicon oxide and a silicon nitride.

In example embodiments the insulating layer may include
at least one of a silicon oxide, an aluminum oxide, a tantalum
oxide, a titanium oxide, a tin oxide, a vanadium oxide, a
barium strontium titanate, a barium zirconate titanate, a lead
zirconate titanate, a lead lanthanum titanate, a strontium titan-
ate, a barium titanate, a barium magnesium fluoride, a lantha-
num oxide, a fluorine oxide, a magnesium oxide, a bismuth
oxide, a bismuth titanate, a niobium oxide, a strontium bis-
muth titanate, a strontium bismuth tantalate, a tantalum pen-
toxide, a bismuth tantalite niobumate, and a yttrium oxide.

In example embodiments, the insulating layer may be
formed by at least one of atomic layer deposition, vacuum
deposition, molecular-ray epitaxial growth, ion cluster beam-
ing, low-energy ion-beaming, ion plating, chemical vapor
deposition (CVD), sputtering, atmospheric plasma method,
spray-coating, spin coating, blade coating, dip coating, cast-
ing, roll coating, bar coating, and die coating.

According to example embodiments, a graphene laminated
structure includes a channel layer on a substrate, the channel
layer including a graphene sheet, a buffer layer on the channel
layer, the buffer layer including a hexagonal boron nitride
sheet, and an insulating layer on the buffer layer.

According to example embodiments, an electronic device
includes the graphene laminated structure.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and more
readily appreciated from the following description of the
embodiments, taken in conjunction with the accompanying
drawings of which:
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FIG. 1 is a schematic view of a field effect transistor (FET)
according to example embodiments;

FIGS. 2 and 3 are optical microscopic (OM) images show-
ing a h-BN sheet prepared according to Example 1 before and
after CH, plasma treatment;

FIG. 4 shows a Raman spectrum of a h-BN sheet prepared
according to Example 1;

FIGS. 5A and 5B show Fourier transform infrared spec-
troscopy (FTIR) data of an h-BN sheet prepared according to
Example 1 before and after the surface treatment, and FIG.
5A shows data of an in-plane vibration region showing a
stretching vibration mode of boron and nitrogen of the h-BN,
and FIG. 5B shows data of an out-of-plane vibration region
showing a B—N—B bending vibration mode;

FIGS. 6A and 6B show X-ray photo electron spectroscopy
(XPS) measurement results of Comparative Example 2 in
which the h-BN sheet is not formed;

FIGS. 7A and 7B shows XPS measurement results of Com-
parative Example 1 in which Al,Oj; is deposited on an h-BN
sheet without CF4 plasma;

FIGS. 8A and 8B shows XPS measurement results of
Example 1 in which Al,Oj is deposited on an h-BN sheet with
CF, plasma;

FIG. 9 shows electrostatic capacity measurement results of
300 nm SiO,;

FIG. 10 shows electrostatic capacity measurement results
ot h-BN/A1,0; treated with SiO,/CF, plasma; and

FIG. 11 shows electrostatic capacity measurement results
oth-BN/AL,O; when SiO, was used and the surface treatment
was not performed.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying draw-
ings, wherein like reference numerals refer to the like ele-
ments throughout. In this regard, the present embodiments
may have different forms and should not be construed as
being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by refer-
ring to the figures, to explain aspects of the present descrip-
tion. As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed items.
Expressions such as “at least one of,” when preceding a list of
elements, modify the entire list of elements and do not modify
the individual elements of the list.

It will be understood that when an element or layer is
referred to as being of elements, modify the entire list of
elements and do not modify the individual elements ected or
coupled to the other element or layer or intervening elements
or layers may be present. In contrast, when an element is
referred to as being “directly on,” “directly connected to” or
“directly coupled to” another element or layer, there are no
intervening elements or layers present. Like numerals refer to
like elements throughout. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items.

It will be understood that, although the terms first, second,
third, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another region, layer or section. Thus, a first element, com-
ponent, region, layer or section discussed below could be
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termed a second element, component, region, layer or section
without departing from the teachings of the inventive con-
cepts.

Spatially relative terms, such as gh the terms first, second,
third, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/ore(s) as illustrated in the
figures. It will be understood that the spatially relative terms
are intended to encompass different orientations of the device
in use or operation in addition to the orientation depicted in
the figures. For example, if the device in the figures is turned
over, elements described as ms, such as gh the terms first,
second, third, etc. may be used herein to describe various
elements, components, regions, layers and/or sections, these
elements, components, regions, layers and/ore(s) device may
be otherwise oriented (rotated 90 degrees or at other orienta-
tions) and the spatially relative descriptors used herein inter-
preted accordingly.

The terminology used herein is for the purpose of describ-
ing particular example embodiments only and is not intended
to be limiting of the inventive concepts. As used herein, the
singular forms “a,” “an” and “the” are intended to include the
plural forms as well, unless the context clearly indicates oth-
erwise. It will be further understood that the terms “com-
prises” and/or “comprising,” when used in this specification,
specify the presence of stated features, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.

Example embodiments are described herein with reference
to cross-sectional illustrations that are schematic illustrations
of idealized example embodiments (and intermediate struc-
tures). As such, variations from the shapes of the illustrations
as a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, example embodiments
should not be construed as limited to the particular shapes of
regions illustrated herein but are to include deviations in
shapes that result, for example, from manufacturing. For
example, an implanted region illustrated as a rectangle will,
typically, have rounded or curved features and/or a gradient of
implant concentration at its edges rather than a binary change
from implanted to non-implanted region. Likewise, a buried
region formed by implantation may result in some implanta-
tion in the region between the buried region and the surface
through which the implantation takes place. Thus, the regions
illustrated in the figures are schematic in nature and their
shapes are not intended to illustrate the actual shape of a
region of a device and are not intended to limit the scope of the
inventive concepts.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the inventive concepts belong. It will be further under-
stood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

Hereinafter, some example embodiments will be explained
in detail with reference to the accompanying drawings.

A method of manufacturing a graphene laminated structure
according to example embodiments includes plasma-treating
a surface of a hexagonal boron nitride sheet by using fluorine-
based gas plasma, depositing the hexagonal boron nitride
sheet on a graphene sheet, and forming an insulating layer on
a surface of the surface-treated hexagonal boron nitride sheet.
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According to the method of manufacturing a graphene
laminated structure, a hexagonal boron nitride sheet that is
surface-modified by using fluorine-based gas plasma may be
transferred onto a graphene sheet for use as a bufter layer (or
protective layer) or a sacrificial layer for the deposition of a
high-k insulating layer thereon.

When a dielectric, for example, high-k material, e.g.,
Al,O,, is deposited directly on graphene by using, for
example, atomic layer deposition (ALD), the dielectric, for
example, high-k material may not be uniformly formed on
graphene and also, may damage graphene. On the other hand,
according to the method of manufacturing a graphene lami-
nated structure, a hexagonal boron nitride sheet may be
plasma-treated to activate a surface thereof, and the result
may beused as a buffer layer for the deposition of a dielectric,
for example, high-k material, so that a dielectric, for example,
high-k material layer may be formed thereon without any
damage to a graphene sheet.

The hexagonal boron nitride (h-BN) sheet may have a
two-dimensional planar structure in which a B—N bond is a
sp, covalent bond and an interlayer bond is a Van Der Waals
bond, and has a thickness of 10 nm or less, for example, 5 nm
or lower.

According to example embodiments, the hexagonal boron
nitride (h-BN) sheet may be provided on a first substrate. In
this regard, the first substrate is an etchable substrate, and for
example, may be an inorganic substrate, e.g., a metal sub-
strate including Ni, Cu, or W, a Si substrate, a SiC substrate,
a glass substrate, a GaN substrate, a silica substrate, or a
sapphire substrate, or a carbon substrate, e.g., a graphite
substrate.

The hexagonal boron nitride (h-BN) sheet may be formed
by, for example, chemical vapor deposition (CVD). For
example, the h-BN sheet may be formed by supplying a
nitrogen source and a boron source in the form of vapor in the
presence of ametal catalyst in areactor to grow h-BN, thereby
obtaining a large-area h-BN sheet.

As a catalyst metal for use in forming an h-BN sheet, any
one of various materials that are used in depositing boron
nitride may be used without limitations. For example, at least
one metal selected from the group consisting of nickel (Ni),
cobalt (Co), iron (Fe), platinum (Pt), palladium (Pd), gold
(Au), aluminum (Al), chromium (Cr), copper (Cu), magne-
sium (Mg), manganese (Mn), molybdenum (Mo), rhodium
(Rh), silicon (Si), thallium (Ta), titanium (T1), tungsten (W),
uranium (U), vanadium (V), and zirconium (Zr), or an alloy
thereof may be used, and the catalyst metal may have a
thickness of about 1 mm or less, for example, a thickness of
about 500 um to about 10 pm.

The size of the catalyst metal may determine the size of a
h-BN sheet that grows thereon, and a large-area h-BN sheet
may be obtained by controlling the size of the catalyst metal.
For example, the size of the catalyst metal, that is, at least one
of'a width and a length thereof may be about 1 mm or more,
about 1 m or more, or even about 10 m or more.

When the catalyst metal is in the form of a film, the catalyst
metal may be independently used, and if needed, a catalyst
metal on a substrate may be used. In particular, when a film-
type metal catalyst is used, a substrate may be used for con-
venience of manufacturing processes. Examples of such a
substrate are an inorganic substrate, e.g., a metal substrate
including Ni, Cu, or W, a Si substrate, a SiC substrate, a glass
substrate, a GaN substrate, a silica substrate, or a sapphire
substrate, and a carbon substrate, e.g., a graphite substrate.

The shape of the catalyst metal may determine the shape of
an h-BN sheet formed thereon. For example, when the cata-
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6

lyst metal is formed in a pattern, an h-BN sheet formed
thereon may also have the same pattern.

A high-quality and large-area h-BN sheet may be formed
by performing a heat treatment while a nitrogen source and a
boron source are supplied in a vapor form in the presence of
a catalyst metal into a reactor. The vaporous nitrogen source
and boron source may be supplied at a constant flow rate, in an
inert atmosphere and/or a reducing atmosphere. The inert
atmosphere may be provided by using inert gas, e.g., argon
gas or helium gas, and the reducing atmosphere may be
provided by using hydrogen gas. When the inert gas and the
hydrogen gas are supplied together in a mixed gas form, inert
gas may occupy about 60 to 95 vol % of the entire chamber,
and hydrogen gas may occupy about 5 to 40 vol % of the
entire chamber.

The vapor sources and at least one of inert gas and the
hydrogen gas may be provided at a flow rate, for example,
about 10 to about 10,000 sccm, and for example, a vaporous
nitrogen source and a vaporous boron source may be supplied
at a stoichiometric ratio of 1:1, for example, at a flow rate of
about 1 to about 100 sccm.

The nitrogen source may be any one of various sources that
provide a nitrogen element in a vapor phase, and may include
at least one selected from NH; and N,,.

The boron source may be any one of various sources that
provide a boron element in a vapor phase, and may include at
least one selected from BH;, BF;, BCl;, B,H,, (CH,CH,),B,
(CH;),B, and diboran.

According to example embodiments as a source for sup-
plying both nitrogen and boron, at least one selected from
borazine (H;NBH;) and borazan ((BH);(NH);) may be used.

The nitrogen source and the boron source may be provided
in a vapor phase into a reactor. However, they are not neces-
sarily in a vapor phase. For example, a solid nitrogen and
boron-containing material may be vaporized in an external
vessel and then, the vaporized material is used.

In detail, a solid nitrogen and boron-containing compound
are contained in an external vessel, and then, it is heated to a
predetermined or given temperature to vaporize, for example,
sublimate the compound, and then, the result is supplied into
a reactor in which the catalyst metal is located.

The vaporous nitrogen source and the vaporous boron
source which are obtained by sublimation in the external
vessel may be supplied to the reactor together with nitrogen
gas. In this regard, the temperature of the external vessel and
the flow rate of the nitrogen gas are appropriately controlled
to adjust amounts of nitrogen and boron supplied into a cham-
ber. By doing so, growth of h-BN may be controlled.

An example of the solid nitrogen and boron-containing
compound stored in the external vessel is an ammonia-boran
(NH;—BH;) compound. Because the ammonia-boran com-
pound is vaporized at a temperature of about 130° C.,
amounts of NH; and BH; obtained by evaporation may be
appropriate controlled by adjusting the temperature.

To grow h-BN into a two-dimensional sheet having a crys-
tal structure on the surface of the catalyst metal, a heat treat-
ment process is performed. The heat treatment process may
be performed at an appropriate temperature for a predeter-
mined or given period of time. For example, the heat treat-
ment process may be performed at about 700° C. to about
1,200° C., or about 700° C. to a melting point of the catalyst
metal for about 1 minute to about 2 hours. As a heat source for
the heat treatment, induction heating, radiant heat, laser, IR,
microwave, plasma, UV, or surface plasmon heating may be
used without limitation. Such heat sources may be attached to
the chamber to increase the temperature of the inside of the
chamber up to a predetermined or given temperature.
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The result obtained by the heat treatment process may
further undergo a cooling process. The cooling process may
help the generated h-BN uniformly grow to be uniformly
arranged into a sheet shape, and during the cooling process,
the temperature may be decreased at a rate of, for example,
about 10 to about 100° C. per minute. For this cooling, at least
one of inert gas and hydrogen gas may be supplied at a flow
rate. According to example embodiments, a natural cooling
may also be used. The natural cooling may be performed by
stopping operation of a heat source or removing the heat
source from the reactor. The heat treatment process and the
cooling process may be performed as one cycle. However,
this cycle may be repeatedly performed to form an h-BN
structure having more layers and higher density. For example,
the heat treatment process may be performed two or three
times to increase crystallinity and purity of the h-BN.

A h-BN sheet obtained as described above may be an atom
layer-thick single layer, or a multi-layer structure including
two or more layers. The h-BN sheet may have a thickness of,
for example, 30 nm or less, 20 nm or less, or 10 nm or less.

The h-BN sheet may be formed to have a large area of 1
mm, or more by chemical vapor deposition. For example, the
h-BN sheet may have an area of about 10 mm, or more, or
about 1 cm? or more. For example, an area of the h-BN sheet
may be in a range of about 1 mm? to about 10 m?.

Subsequently, the h-BN sheet is surface-treated with fluo-
rine-based gas plasma. This plasma treatment may activate
the surface of the h-BN sheet to increase an interfacial adhe-
sive force between the h-BN sheet with at least one of an
insulating layer and a graphene sheet

Plasma is referred to as a “fourth material state,” following
a solid state, a liquid state, and a gas state, and when a
vaporous material is continuously heated, an assembly of
particles each consisting of an ion nucleus and a free electron
is formed. This state of material is referred to as plasma. The
fluorine-based gas plasma is gas plasma that does not damage
the surface of a hexagonal boron nitride sheet, and may
include, for example, at least one selected from CF,, CHF;,
SF,, and NF;. Such fluorine-based compounds have low sur-
face energy and thus have hydrophilic properties and thermal
and chemical stability to activate the surface of the h-BN
sheet, so that a high-k material is easily deposited thereon.

According to example embodiments, the plasma treatment
may be performed by using CF, gas plasma, and for example,
at a flow rate of about 1 to about 10 sccm and at a plasma
surface treatment pressure of about 300 to about 700 mTorr
for about 1 to about 10 seconds. Due to the treatment, the
surface of the h-BN sheet may be sufficiently modified.
According to example embodiments, the plasma treatment
may be performed by using CF, gas plasma at a flow rate of
about 5 sccm and at a plasma surface treatment pressure of
about 460 mTorr for 1 seconds to 5 seconds.

Whether the h-BN sheet is surface modified and character-
istics of the h-BN sheet may be confirmed by Fourier trans-
form infrared spectroscopy (FTIR) or Raman spectroscopy.

The h-BN sheet that is surface-modified by plasma treat-
ment is transferred onto a graphene sheet.

A h-BN sheet provided on a catalyst metal or a catalyst
metal/substrate may be transferred onto a graphene sheet
after the catalyst metal or catalyst metal/substrate is removed
by etching

At least one of the substrate and the catalyst metal may be
removed by, for example, etching with an acid. The acid
treatment may be performed by using a hydrochloric acid, a
sulfuric acid, a nitric acid, or a mixed solution thereof with a
predetermined or given concentration, and the result may be
immersed in such acidic solutions for a predetermined or
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given period of time to remove the catalyst metal, thereby
isolating the h-BN sheet. During the removal process with the
acid treatment, the h-BN sheet may be coated with a resin,
e.g., polymethyl-(metha)acrylate. By doing so, the following
transferring process may be easily performed. The coating
layer may be removed by using an organic solvent, e.g.,
acetone.

A graphene sheet on which the surface-treated h-BN sheet
is to be transferred, may be a polycyclic aromatic sheet in
which a plurality of carbon atoms are connected to each other
via a covalent bond (typically, a sp® bond) and arranged on a
plane, or a plurality of the polycyclic aromatic sheets, and the
carbon atoms connected via the covalent bond form a 6-mem-
bered ring as a repeating unit. However, the carbon atoms may
also form a S-membered and/or 7-membered ring.

The graphene sheet may be a single layer of carbon atoms
connected via a covalent bond, and may also be a multi-layer
formed by stacking a plurality of such a single layer, and in
this case, the formed stack structure may have a nano-size
thickness. The graphene sheet may have a thickness of, for
example, 30 nm or less, 10 nm or less, or 1 nm or less. A
graphene sheet having such thicknesses may be used as a
channel layer of an electronic device, e.g., a transistor.

The nano-sized graphene sheet may have a large area. For
example, an area of the graphene sheet may be about 1 mm?>
or more, for example, about 10 mm? or more, or about 1 cm>
ormore. For example, an area of the graphene sheet may be in
a range of about 1 mm? to about 10 m>.

A large-size graphene sheet may be manufactured by
using, for example, a following process.

For example, a graphitization catalyst is formed in the form
of a film, and then a heat treatment is performed thereon to
form graphene while a vaporous carbon source is supplied
thereto, and then, graphene is grown by cooling to form a
graphene sheet. That is, when a heat treatment is performed
for a predetermined or given period of time while a vaporous
carbon source is supplied into a chamber containing a graphi-
tization catalyst at a predetermined or given pressure, carbon
components existing in the vaporous carbon source are
bonded to each other to form a hexagonal plane structure,
thereby forming a graphene sheet.

As a graphitization catalyst that is available for the forma-
tion of a graphene sheet, a film-shaped graphitization catalyst
may be independently used, and if needed, a graphitization
catalyst on the substrate may be used. In particular, when a
film-type graphitization catalyst is used, a substrate may be
used for convenience of manufacturing processes. Examples
of such a substrate are an inorganic substrate, e.g., a Si sub-
strate, a SiC substrate, a glass substrate, a GaN substrate, a
silica substrate, or a sapphire substrate, a metal substrate
including Ni, Cu or W, and a carbon substrate, e.g., a graphite
substrate. The substrate may be coated with a block layer in
advance to suppress unnecessary reactions between the sub-
strate and the graphitization catalyst. Due to the presence of
the block layer between the substrate and the graphitization
catalyst layer, a decrease in production efficiency of a
graphene sheet due to a reaction between the graphitization
catalyst and the substrate may be suppressed. The block layer
may be formed of SiO,, TiN, Al,O;, TiO,, or Si;N,, and may
be formed on the substrate by, for example, sputtering.

The graphitization catalyst contacts the carbon source so
that the graphitization catalyst helps carbon components sup-
plied from the carbon source bonded to each other to form a
hexagonal plane structure. For example, a catalyst for syn-
thesizing graphite, a catalyst that induces a hydrocarbon reac-
tion, or a catalyst that is used to prepare a carbon nanotube
may be used. In detail, one or more selected from Ni, Co, Fe,
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Pt, Au, Al, Cr, Cu, Mg, Mn, Mo, Rh, Si, Ta, Ti, W, U, V, and
Zr may be used. The graphitization catalyst may have a plane
structure formed of metal alone as described above, and the
graphitization catalyst may also be fixed on a substrate by
deposition or sputtering. The graphitization catalyst may be a
thin-film shaped or thick-film shaped graphitization catalyst.
When the film-shaped graphitization catalyst is in the form of
athin film, a catalyst formed on a substrate may be used in the
procedure of manufacturing.

As a carbon source for use in forming the graphene sheet,
any one of various materials that supply carbon and may exist
in a vapor phase at a temperature of 300° C. or more may be
used without a particular limitation. As a vaporous carbon
source, any one of various compounds that contain carbon
atoms may be used. For example, a compound containing six
carton atoms or less, a compound containing four carton
atoms or less, or a compound containing two carton atoms or
less may be used. In detail, the vaporous carbon source may
be one or more selected from carbon monoxide, ethane, eth-
ylene, ethanol, acetylene, propane, propylene, butane, buta-
diene, pentane, pentene, cyclopentadiene, hexane, cyclohex-
ane, benzene, and toluene.

The carbon source may be supplied into a chamber con-
taining a graphitization catalyst at a constant pressure, and for
example, the carbon source may be supplied at a flow rate of
about 1 to about 100 sccm.

In the chamber, only the carbon source may exist, or the
carbon source may exist together with inert gas, e.g., helium
gas or argon gas. The inert gas may be supplied into a reactor
at a flow rate of, for example, about 100 to about 1000 sccm,
or about 300 to about 700 sccm.

Also, the carbon source may be used together with a reduc-
tion gas, e.g., hydrogen gas. Hydrogen may maintain the
surface of a metal catalyst clean to control a vapor reaction.
The hydrogen gas may be supplied into a reactor at a flow rate
of, for example, about 100 to about 1000 sccm, or about 300
to about 700 sccm.

The carbon source may also be supplied in a mixed gas
atmosphere including inert gas and hydrogen gas.

The vaporous carbon source may be supplied into a cham-
ber containing a film-shaped graphitization catalyst, and then,
a heat treatment is performed thereon at a predetermined or
given temperature, thereby forming graphene on the surface
of the graphitization catalyst. A heat treatment temperature
may be determined as long as the graphite catalyst is not
damaged and graphene grows into a sheet shape. The heat
treatment temperature may be in a range of, for example,
about 300 to about 2000° C., or about 500 to about 1500° C.
When the metal catalyst is in the form of a thick film, the heat
treatment temperature may be higher than when the metal
catalyst is in the form of a thin film.

The heat treatment may be maintained at a predetermined
or given temperature to control a formation degree of
graphene. That is, when the heat treatment is maintained for a
long period of time, more graphene is formed, and thus a
thickness of the resultant graphene sheet may be great. On the
other hand, when the heat treatment is maintained for a rela-
tively shorter period of time, a thickness of the resultant
graphene sheet may be small. Accordingly, to obtain a
graphene sheet having a target thickness, a maintenance time
of the heat treatment process may be controlled in addition to
control of a carbon source and a supply pressure thereof, a
graphitization catalyst, and the size of a chamber. The main-
tenance time for the heat treatment may be, for example, in a
range of about 0.001 to about 1000 hours. Within this time
range, graphene may be sufficiently obtained without graphi-
tization.
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As a heat source for the heat treatment, induction heating,
radiant heat, laser, IR, microwave, plasma, UV, or surface
plasmon heating may be used without limitation. Such heat
sources may be attached to the chamber to increase the tem-
perature of the inside of the chamber up to a predetermined or
given temperature.

After the heat treatment, the heat treatment product under-
goes a cooling process. The cooling process may be per-
formed to grow and arrange the generated graphene uni-
formly. If the cooling process is performed rapidly, the
generated graphene sheet may crack. Accordingly, the cool-
ing may be gradually performed at a predetermined or given
speed. For example, the cooling may be performed at a rate of
about 0.1 to about 10° C. per minute. The cooling may also be
a natural cooling. The natural cooling may be performed by
simply removing a heat source used for the heat treatment,
and the removal of the heat source may be enough to obtain a
sufficient cooling speed. The heat treatment process and the
cooling process may be performed as one cycle. However,
this cycle may be repeatedly performed to form a dense
graphene sheet.

A graphene sheet obtained by the cooling process may be
a single layer or a multi-layer having a thickness of about 30
nm or less, and may have a large area of about 1 mm? or more.
The area of the graphene sheet may be easily adjusted by, for
example, controlling the size of a substrate on which a graphi-
tization catalyst is formed.

Due to the processes, a large-size graphene sheet may be
obtained simply at low costs.

On the graphene sheet grown into a large-size, the surface-
treated h-BN sheet is transferred, and then, an insulating layer
is formed thereon.

As a material for the insulating layer, any one of various
materials that have an insulating property and is formed into
a thin film may be used, and for example, a high-k dielectric
material with a relative dielectric constant of about 7 or more
may be used.

The insulating layer may include, for example, a material
that has an electric resistance of about 10 Qcm or more at
room temperature, e.g., a metal oxide (including an oxide of
silicon), a metal nitride (including a nitride of silicon), a
polymer, and an organic low molecular weight molecule. For
example, an inorganic oxide thin film with a high relative
dielectric constant may be used.

The inorganic oxide may be an silicon oxide, an aluminum
oxide, a tantalum oxide, a titanium oxide, a tin oxide, a
vanadium oxide, a barium strontium titanate, a barium zir-
conate titanate, a lead zirconate titanate, a lead lantanium
titanate, a strontium titanate, a barium titanate, a barium
magnesium fluoride, a lanthanum oxide, a fluorine oxide, a
magnesium oxide, a bismuth oxide, a bismuth titanate, a
niobium oxide, a strontium bismuth titanate, a strontium bis-
muth tantalate, a tantalum pentoxide, a bismuth tantalite
niobumate, a yttrium oxide, or a combination thereof. For
example, the inorganic oxide is a silicon oxide, an aluminum
oxide, a tantalum oxide, or a titanium oxide.

Also, an inorganic nitride, e.g., a silicon nitride (Si;N,,
SixNy (x>0, y>0)) or an aluminum nitride, may be appropri-
ately used.

Also, the insulating layer may be formed by using a pre-
cursor material including an alkoxide metal. For example, a
solution of the precursor material is coated on a substrate, and
then subjected to a chemical solution treatment including a
heat treatment, thereby forming an insulating layer.

Metal of the alkoxide metal may be, for example, selected
from transition metal, lanthanoid, or representative elements,
and in detail, may be barium (Ba), strontium (Sr), titanium
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(Ti), bismuth (Bi), tantalum (Ta), zirconium (Zr), iron (Fe),
nickel (Ni), manganese (Mn), lead (Pb), lantanium (La),
lithium (L), sodium (Na), potassium (K), rubidium (Rb),
cesium (Cs), francium (Fr), barium (Be), magnesium (Mg),
calcium (Ca), niobium (Nb), thallium (T1), mercury (Hg),
copper (Cuw), cobalt (Co), rhodium (Rh), scandium (Sc), or
yttrium (Y). Also, alkoxide of the alkoxide metal may be, for
example, a material induced from alcohols, e.g., methanol,
ethanol, propanol, isopropanol, butanol, or isobutanol, and
alkoxy alcohols, e.g., methoxy ethanol, ethoxy ethanol, pro-
poxy ethanol, butoxy ethanol, pentoxy ethanol, heptoxy etha-
nol, methoxy propanol, ethoxy propanol, propoxy propanol,
butoxy propanol, pentoxy propanol, or heptoxy propanol.

An organic compound for use in forming the insulating
layer may be polyimide, polyamide, polyester, polyacrylate,
photoradical polymerization system, a photosetting resin of a
photo cation polymerization system, an acrylonitrile-contain-
ing copolymer, polyvinylphenol, polyvinylalcohol, a novolac
resin, or a cyanoethylfullurene.

Also, wax, polyethylene, polychloropyrene, polyethylene-
terephthalate, polyoxymethylene, polyvinylchloride, polyvi-
nylidene fluoride, polymethylmethacrylate, polysulfone,
polycarbonate, polyimidcyanoethyl fullerene, poly(vi-
nylphenol)(PVP), poly(methylmethacrylate)(PMMA), poly-
carbonate (PC), polystyrene (PS), polyolefin, polyacryla-
mide, poly(acrylate), novolac resin, resol resin, polyimide,
polyxylene, epoxy resin, and fullerene that is a polymer with
a high dielectric constant may be used.

The insulating layer may be a mixed layer formed of a
plurality of such inorganic or organic compounds, or may be
a laminated structure thereof. In this regard, according to
purpose, a material with a high dielectric constant and a
material with water repellent properties may be mixed or
stacked to control performance of a device.

The insulating layer may be formed by a dry process, e.g.,
atomic layer deposition, vacuum deposition, molecular-ray
epitaxial growth, ion cluster beaming, low-energy ion-beam-
ing, ion plating, chemical vapor deposition (CVD), sputter-
ing, or atmospheric plasma method; a coating method, e.g.,
spray-coating, spin coating, blade coating, dip coating, cast-
ing, roll coating, bar coating, or die coating; or a wet process,
e.g., patterning, printing or ink-jetting, and these methods
may be appropriately used according to a material for form-
ing the insulating material. As a wet process, a sol-gel method
may be used in which inorganic oxide particles are dispersed
in an organic solvent or water, and optionally, a dispersion
assistant, e.g., a surfactant, and the obtained dispersion is
coated and dried; or an oxide precursor, for example, a solu-
tion of alkoxide is coated and dried.

According to the method of example embodiments, ah-BN
sheet is formed as a buffer layer (or sacrificial layer) on a
graphene sheet, so that an insulating layer including a high-k
dielectric material is easily deposited thereon without any
damage to the graphene sheet. A graphene laminated struc-
ture including the undamaged graphene sheet may be vari-
ously used in an electronic device, e.g., a transistor.

A graphene laminated structure according to example
embodiments may include a channel layer that includes a
graphene sheet and is formed on a substrate; a buffer layer that
includes a hexagonal boron nitride sheet and is formed on the
channel layer to protect the graphene sheet; and an insulating
layer formed on the buffer layer.

The substrate may be, for example, an inorganic substrate,
e.g., a Si substrate, a SiC substrate, a glass substrate, a GaN
substrate, a silica substrate, or a sapphire substrate, a metal,
e.g., Ni, Cu, or W, substrate, and a carbon substrate, e.g., a
graphite substrate.
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The graphene sheet is either a single layer of a polycyclic
aromatic sheet in which a plurality of carbon atoms are con-
nected to each other via a covalent bond and arranged on a
plane or a multi-layer formed by stacking a plurality of the
polycyclic aromatic sheet, and has a thickness of about 30 nm
or less.

The nano-sized graphene sheet may have a large area. For
example, an area of the graphene sheet may be about 1 mm?>
or more, for example, about 10 mm? or more, or about 1 cm?
ormore. For example, an area of the graphene sheet may be in
a range of about 1 mm? to about 10 m>.

The buffer layer is used as a sacrificial layer to form a
high-quality insulating layer on a graphene sheet without
damage on the graphene sheet. The buffer layer includes a
hexagonal boron nitride (h-BN) sheet, and the h-BN sheet has
a two-dimensional planar structure in which a B—N bond is
asp” covalent bond and an interlayer bond is a Van Der Waals
bond, and has a thickness of about 10 nm or less.

A material for forming the insulating layer may be a mate-
rial that has electric insulating properties, for example, a
high-k dielectric material with a high relative dielectric con-
stant. The insulating layer may include, for example, a mate-
rial that has an electric resistance of about 10 Qcm or more at
room temperature, e.g., a metal oxide (including an oxide of
silicon), a metal nitride (including a nitride of silicon), a
polymer, and an organic low molecular weight molecule. For
example, an inorganic oxide thin film with a high relative
dielectric constant may be used. Related description is
already presented above.

An electronic device including the graphene laminated
structure according to example embodiments is provided. A
laminated structure including the graphene laminated struc-
ture using the h-BN sheet as a buffer layer and an insulating
layer may be used in various electronic devices, and for
example, may be used in a sensor, a bipolar junction transis-
tor, an field effect transistor, a hetero junction bipolar transis-
tor, a single electron transistor, a light-emitting diode, or an
organic electric field light-emitting diode.

An example of the field effect transistor FET is illustrated
in FIG. 1. Referring to FIG. 1, a silica substrate 312 is dis-
posed on a substrate 311, and a channel layer 313 is disposed
thereon. The channel layer 313 may be a graphene channel
layer including a graphene sheet. To protect the graphene
sheet, a buffer layer 318 including a hexagonal boron nitride
sheet may be formed on the channel layer 313. A source
electrode 314 and a drain electrode 316 are respectively dis-
posed on left and right sides of the channel layer 313 and the
buffer layer 318, and a gate electrode 315 is disposed on the
resultant structure with an insulating layer 317 therebetween.
In this regard, a current flowing between the source and drain
electrodes 314 and 316 is controlled by applying a voltage to
the gate electrode 315. That is, on and off operations of the
FET are performed such that the graphene channel layer 313
constitutes a channel region, and a current flowing between
the source and drain electrodes 314 and 316 is controlled by
applying a voltage to the gate electrode 315. In the field effect
transistor, an insulating layer 317 may include a high-k
dielectric material with a high relative dielectric constant. An
example of the high-k dielectric material is a material that has
an electric resistance of about 10 Qcm or more at room
temperature, e.g., a metal oxide (including an oxide of sili-
con) or a metal nitride (including a nitride of silicon, a poly-
mer, or an organic low molecular weight molecule. For
example, an inorganic oxide thin film with a high relative
dielectric constant may be used.
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Hereinafter, example embodiments are described in detail.
However, the example embodiments do not limit the scope of
the inventive concepts.

Example 1
Manufacturing of Graphene [L.aminated Structure

Formation of h-BN Sheet

Copper foil with a size of 2 cmx10 cm and a thickness of
175 pm was washed with diluted fluoric acid and deionized
water. Copper foil was located into a CVD chamber, and then
gradually heated by inductive heating up to 1000° C. for 2
hours while a mixed gas of Ar/H, (20 vol % H, and 80 vol %
Ar) and N, gas each at a flow rate of 500 sccm. After the heat
treatment, the copper foil was subjected to chemical polishing
by using a copper etchant (Type 1, manufactured by Transene
Company, Inc.) dilution to planarize the surface of the copper
foil.

Copper foil was located into a CVD chamber, and then
gradually heated by inductive heating up to 1000° C. for 2
hours while a mixed gas of Ar/H, (20 vol % H, and 80 vol %
Ar) at a flow rate of 100 sccm.

Subsequently, ammonia boran (NH;—BH,;) as a source
material was supplied into a separate heating chamber and
then sublimated at a temperature of 110 to 130° C. together
with nitrogen gas supplied at a flow rate of 25 sccm. The result
was supplied into the CVD chamber to grow h-BN for 30
minutes. During the growth of the h-BN, Ar/H, mixed gas
was supplied into the CVD chamber at a temperature of
1,000° C. at a flow rate of 75 sccm.

After the growth process for h-BN, a heat source was
removed therefrom, and then, a cooling process was per-
formed thereon until down to 60° C. while Ar/H2 mixed gas
was supplied into the CVD chamber at a flow rate of 100 sccm
for 4 hours to form a h-BN sheet on the copper foil.

CH, Plasma Treatment

The surface of h-BN sheet formed on the copper foil was
plasma-treated with CH,, gas as described below.

For the CH, plasma treatment, a mini cube plasma equip-
ment of ALLFORSYSTEM in which N, (99.999%) and CF,
(99.999%) gas were connected to a cylindrical vacuum cham-
ber (a diameter of 10 cm, and aheight of 10 cm) was used. The
h-BN sheet formed on the copper foil was located inside the
cylindrical vacuum chamber, and then surface-treated at 450
mTorr for 5 seconds.

Etching and Transferring Processes

The h-BN sheet formed on the copper foil was immersed in
a copper etchant (Transene, typel) to remove the copper foil
therefrom. After the removal of copper, the h-BN sheet was
washed a few times with deionized water to completely
remove the residual etchant.

Also, a graphene sheet was prepared by using the following
graphene growth method. First, a copper foil with the size of
8 cmx15 cm and the thickness of 75 pm was washed with
diluted hydrofluoric acid and deionized water, and then, the
copper foil was placed into a CVD chamber, and then, gradu-
ally heated by inductive heating for 1.5 hours up to a tem-
perature of 1000° C. while H, gas was supplied thereto at a
flow rate of 10 sccm. After the copper foil was heated for 30
minutes, graphene was grown by inductive heating for 30
minutes while CH, gas was supplied thereto at a flow rate of
20 sccm. After the growth, the supply of CH,, was stopped,
and then a rapid cooling process was performed thereon to
room temperature in H, atmosphere. A completely grown
graphene sheet was coated with PMMA and then immersed in
a copper etchant to remove the copper foil therefrom. After
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the removal of copper, the graphene sheet was transferred
onto a silicon substrate, and then, PMMA was removed there-
from by using acetone.

The h-BN sheet was transferred onto the graphene sheet
prepared described above

Deposition of Al,O, Insulating Layer

An Al,0; insulating layer having a thickness of 10 nm was
formed from trimethylaluminum (TMA; Al(CH,),) that was
a precursor material on the h-BN sheet transferred onto the
graphene sheet at a temperature of 300° C. by atomic layer
deposition, thereby completing manufacturing of a graphene
laminated structure.

Comparative Example 1

A graphene laminated structure was manufactured in the
same manner as in Example 1, except that the CH, plasma
treatment was not performed.

Comparative Example 2

A graphene laminated structure was manufactured in the
same manner as in Example 1, except that an Al,O; insulating
layer was directly deposited on the graphene sheet without the
h-BN sheet.

Evaluation Example 1

Confirmation of h-BN Sheet Before and after
Surface Treatment

To confirm the h-BN sheet prepared according to Example
1 before and after the CH, plasma treatment, the pristine
h-BN sheet and the post-CH, plasma treatment h-BN sheet
were analyzed by using optical microscope (OM), Raman
spectrum, and FTIR

FIGS. 2 and 3 respectively show picture of the h-BN sheet
before and after the surface treatment. Referring to FIGS. 2
and 3, it was confirmed that the h-BN sheet exists before and
after the plasma treatment.

FIG. 4 shows Raman spectrum of the h-BN sheet before
and after the surface treatment. Referring to the Raman data
shown in FIG. 4, although a peak intensity of the h-BN
reduces after the CF, plasma treatment, characteristics of
h-BN was still shown, that is, a main peak appeared at 1370
cm™.

FIGS. SA and 5B show the FTIR data of the h-BN sheet
before and after the surface treatment. FIG. 5A shows data of
an in-plane vibration region showing a stretching vibration
mode of boron and nitrogen of the h-BN, and FIG. 5B shows
data of an out-of-plane vibration region showing a B—N—B
bending vibration mode,

As shown in FIGS. 5A and 5B, compared to pristine h-BN,
a peak intensity reduced in the stretching vibration mode of
boron and nitrogen of the h-BN that was subjected to the CF,,
plasma treatment. However, in the out-of-plane vibration
region showing a B—N—B bending vibration mode, a
change in peak intensity did not occur.

This result shows that the plasma treatment leads to a
change in original interfacial characteristics of h-BN and due
to the surface modification, an oxide of a high-k dielectric
material is easily deposited.

Evaluation Example 2
XPS Analysis of Graphene Laminated Structure

Whether the graphene laminated structures manufactured
according to Comparative Examples 1 and 2 and Example 1
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included an Al,O; insulating layer was analyzed by using an
X-ray photoelectron spectroscopy (XPS), and results thereof
are shown in FIGS. 6A to 8B.

FIGS. 6A and 6B show XPS measurement results of Com-
parative Example 2 in which the h-BN sheet was not formed.
Referring to FIGS. 6A and 6B, when Al,O; was directly
deposited on a graphene sheet by ALD, Al(OH),/AIO(OH)
was deposited instead of AL, O;.

FIGS. 7A and 7B shows XPS measurement results of Com-
parative Example 1 in which Al,O; was deposited on the
h-BN sheet without CF, plasma treatment, and FIGS. 8A and
8B shows XPS measurement results of Example 1 in which
Al O, was deposited on the h-BN sheet with CF, plasma
treatment.

Referring to FIGS. 7A to 8B, when Al,O; was deposited on
the h-BN sheet by ALD, regardless of the plasma treatment,
Al, O, was deposited although Al,O; phase was slightly dif-
ferent from each other.

Evaluation Example 3

Electrostatic Capacity Measurement of h-BN Sheet
and Al,O, Insulating Layer

To confirm insulating characteristics of the h-BN sheet and
the AL, O, insulating layer used in Example 1 and Compara-
tive Example 1, first, as a reference, a silver electrode having
a size of 1 mmx1 mm and a thickness of 100 nm was depos-
ited by using a thermal evaporator on a p-type Si substrate on
which a Si0O, layer having a thickness of 300 nm was depos-
ited to manufacture a comparative test device.

Separately, the CF, plasma-treated h-BN sheet and the
Al,O; insulating layer which were used in Example 1 were
deposited on a p-type Si substrate on which a SiO, layer
having a thickness of 300 nm was deposited, and then, a silver
electrode having a size of 1 mmx1 mm and a thickness of 100
nm was deposited thereon by using a thermal evaporator,
thereby completing manufacturing a test device. Likewise,
the h-BN sheet that was not surface-treated and the Al,O,
insulating layer which were used in Comparative Example 1
were deposited on a p-type Si substrate on which a SiO, layer
having a thickness of 300 nm was deposited, and then, a silver
electrode having a size of 1 mmx1 mm and a thickness of 100
nm was deposited thereon by using a thermal evaporator,
thereby completing manufacturing a test device.

Bottom surfaces of the respective comparative test device
and test devices were connected to a copper plate by using a
silver paste, and then, the silver electrodes and the copper
plate were respectively connected to a LCR meter to measure
an electrostatic capacity according to a voltage change, and
results thereof are shown in FIGS. 9 to 11.

Referring to FIGS. 9 to 11, when 300 nm SiO, was used,
the obtained electrostatic capacity was 1.07x107'° F/cm,,,
and when h-BN/A1,O, plasma-treated with SiO,/CF, was
used, the obtained electrostatic capacity was 1.43x107°
F/cm?, when SiO, was used, the obtained electrostatic capac-
ity was 1.04x107® F/cm?, and when SiQ, was used and the
surface treatment was not performed, the obtained electro-
static capacity of the h-BN/AL,O, was 5.6x10~° F/cm?. From
such results, compared to SiO,, it was confirmed that the
electrostatic capacity of the h-BN sheet and the Al,O, insu-
lating layer used in Example 1 and Comparative Example 1
improved. Such result shows that the h-BN sheet acts as an
insulating layer regardless of the surface treatment.

According to methods of manufacturing graphene lami-
nated structures as described above, a hexagonal boron
nitride sheet that is surface-treated with fluorine-based gas
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plasma may be interposed between a graphene sheet and a
dielectric, e.g., high-k, insulating layer, so that a dielectric,
e.g., high-k, insulating layer may be deposited on graphene
without any damage on the surface of graphene.

It should be understood that example embodiments
described therein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of fea-
tures or aspects within each embodiment should typically be
considered as available for other similar features or aspects in
other embodiments.

What is claimed is:

1. A method of manufacturing a graphene laminated struc-
ture, the method comprising:

plasma-treating a surface of a hexagonal boron nitride

sheet using a fluorine-based gas plasma;

depositing the hexagonal boron nitride sheet on a graphene

sheet; and

forming an insulating layer on a surface of the surface-

treated hexagonal boron nitride sheet.

2. The method of claim 1, wherein the plasma-treating
includes using at least one gas selected from CF,,, CHF 5, SF,
and NF;.

3. The method of claim 1, wherein the plasma-treating is
performed at a flow rate of about 1 to about 10 sccm and at a
plasma surface treatment pressure of about 300 to about 700
mTorr for about 1 to about 10 seconds.

4. The method of claim 1, wherein

the hexagonal boron nitride sheet has a two-dimensional

planar structure including a B—N bond that is a sp®
covalent bond and an interlayer bond that is a Van Der
Waals bond, and

the hexagonal boron nitride sheet has a thickness of 10 nm

or less.

5. The method of claim 1, wherein the plasma-treating
includes plasma-treating the surface of the hexagonal boron
nitride sheet having an area of about 1 cm? or more.

6. The method of claim 1, further comprising:

providing the hexagonal boron nitride sheet on a metal

catalyst thin film before the plasma-treating.

7. The method of claim 6, further comprising:

removing the metal catalyst thin film from the hexagonal

boron nitride sheet by etching after the plasma-treating.

8. The method of claim 1, wherein

the graphene sheet is one of a single layer of a polycyclic

aromatic sheet including a plurality of carbon atoms
connected to each other via a covalent bond and
arranged on a plane, and a multi-layer formed by stack-
ing a plurality of the polycyclic aromatic sheets, and
the graphene sheet has a thickness of about 30 nm or less.

9. The method of claim 1, wherein the depositing deposits
the hexagonal boron nitride sheet on the graphene sheet hav-
ing an area of about 1 cm? or more.

10. The method of claim 1, further comprising:

providing the graphene sheet on at least one substrate

before the depositing, the substrate including at least one
ofa Si substrate, a SiC substrate, a glass substrate, a GaN
substrate, a silica substrate, a sapphire substrate, a metal
substrate, and a carbon substrate.

11. The method of claim 1, wherein the forming an insu-
lating layer forms a high-k dielectric material having a dielec-
tric constant of 7 or more.

12. The method of claim 1, wherein the forming an insu-
lating layer includes forming at least one of a metal oxide, a
metal nitride, a polymer, and an organic molecule.

13. The method of claim 12, wherein the forming an insu-
lating layer includes forming the metal oxide, the metal oxide
including at least one of a silicon oxide, an aluminum oxide,
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a tantalum oxide, a titanium oxide, a tin oxide, a vanadium
oxide, a bariumstrontium titanate, a barium zirconate titanate,
a lead zirconate titanate, a lead lantanium titanate, a strontium
titanate, a barium titanate, a barium magnesium fluoride, a
lantanium oxide, a fluorine oxide, a magnesium oxide, a
bismuth oxide, a bismuth titanate, a niobium oxide, a stron-
tium bismuth titanate, a strontium bismuth tantalate, a tanta-
lum pentoxide, a bismuth tantalite niobumate, and a yttrium
oxide.

14. The method of claim 1, wherein the forming an insu-
lating layer includes at least one of atomic layer deposition,
vacuum deposition, molecular-ray epitaxial growth, ion clus-
ter beaming, low-energy ion-beaming, ion plating, chemical
vapor deposition (CVD), sputtering, atmospheric plasma
method, spray-coating, spin coating, blade coating, dip coat-
ing, casting, roll coating, bar coating, and die coating.
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